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Due to global warming and human activities, heat stress (HS) has become a frequent extreme weather event around the world, especially in megacities. This study aims to quantify the responses of urban HS (UHS) to anthropogenic heat (AH) emission and its antrophogenic sensible heat (ASH)/anthropogenic latent heat (ALH) components and increase in the size of cities in the south and north China for the 2019 summer based on observations and numerical simulations. AH release could aggravate UHS drastically, producing maximal increment in moist entropy (an effective HS metric) above 1 and 2 K over the south and north high-density urban regions mainly through ALH. In contrast, future urban expansion leads to an increase in HS coverage, and it has a larger impact on UHS intensity change (6 and 2 K in south and north China) relative to AH. The city radius of 60 km is a possible threshold to plan to city sprawl. Above that city size, the HS intensity change due to urban expansion tends to slow down in the north and inhibit in the south, and about one-third of the urban regions might be hit by extreme heat stress (EHS), reaching maximal hit ratio. Furthermore, changes in warmest EHS events are more associated with high humidity change responses, irrespective of cities being in the north or south of China, which support the idea that humidity change is the primary driving factor of EHS occurrence. The results of this study serve for effective urban planning and future decision making.
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INTRODUCTION

In the context of global warming, the probability, intensity, and duration of heat stress (HS) have been increasing around the world (Lee and Min, 2018; Wang et al., 2020), especially in megacities. Different from a common heat wave with high temperature, heat stress is characterized as being an extremely hot and humid environment, and it is known in China as “sauna weather”. It usually lasts for several days to a week, causing illness or even death. In addition, stable atmospheric circulation and sinking motion prevent the dispersal of pollutants during an HS period. Therefore, health problems associated with HS have attracted widespread attention (Weatherly and Rosenbaum, 2017; Napoli et al., 2019; Zander et al., 2019).

Heat stress, especially an extreme heat stress (EHS) event, usually occurs locally. The driving factors [e.g., natural factors, such as high temperatures, humidity, and solar radiation, and human activities, such as urban heat island (UHI) effect, anthropogenic heat (AH), etc.] and physical mechanisms are very different among regions (Seneviratne et al., 2012; Fischer and Knutti, 2013; Ohashi et al., 2014; Steinweg and Gutowski, 2015; Lee and Min, 2018; Lorenz et al., 2019). Furthermore, the commonly used heat stress metrics (Steadman, 1994; Willett and Sherwood, 2012; Buzan et al., 2015), such as apparent temperature and wet bulb globe temperature (WBGT), are functions of both temperature and humidity. Thus, HS change is determined by the coaction of temperature and humidity changes, which further increases the complexity of HS variation. Therefore, region-scale studies are fundamentally required to project future changes in extreme events and to assess the dependence of HS or EHS on temperature and humidity changes (Napoli et al., 2019; Lutsko, 2021).

As typically vulnerable regions in the south and north China, Pearl River Delta (PRD) and Beijing–TianJin–Heibei (JJJ) city clusters have experienced an increase in the number of heat stress events, leading to negative social influences, economic loss, and great risk in human health (Ohashi et al., 2014; Hass et al., 2016; Xie et al., 2016, 2017; Wang et al., 2020). Rapid urbanization and economic development bring about land use changes and explosive growth in both population and overloaded energy expenditures. The frequent HS events might be associated with the UHI effect because of urban expansion and excessive AH emission from human activities (Sun et al., 2016; Yang W. et al., 2017; Yang X. et al., 2017; Luo and Lau, 2018; Ye et al., 2018; Wang et al., 2019).

The UHI effect and its relationship with heatwave have been identified from a climatological perspective by previous research studies (Feng et al., 2012; Yang L. et al., 2014; Chen et al., 2016; Xie et al., 2016, 2017; Ramamurthy and Bou-Zeid, 2017), but for region-scale HS events, the UHI effect generated by urban sprawl tends to be accompanied with urban dry island (UDI). They play the opposite roles on HS change by increasing temperature but decreasing humidity. So in the future, how does continuous urban expansion impact HS change after neutralization of the positive and negative contributions of rise in temperature and decrease in humidity to HS? In the south and north China, to which factor is the occurrence of extreme urban heat stress events more sensitive, temperature change or humidity change?

In addition, the extent of AH emission is synchronously increasing because of the excessive release of waste heat from human activities. Waste heat is released to an urban canopy mainly by means of transportation and industries in the form of anthropogenic sensible heat (ASH), or through sprinkling on roads and in parks, irrigations, etc., as anthropogenic latent heat (ALH) (Sugawara and Narita, 2008; Allen et al., 2011; Yang et al., 2015). As an important heat source for urban surface energy balance (Offerle et al., 2005; Smith et al., 2009; Iamarino et al., 2012), AH could impact HS through varied urban thermal environments (Yang S. et al., 2014; Nie et al., 2017). For instance, based on numerical simulation conducted from December 1, 2006 to December 31, 2008, AH release produced 0.66°C warming in summer over the Yangtze River Delta (Feng et al., 2012), so as to be a powerful inducing factor of UHI (e.g., Chen et al., 2008, 2016; Feng et al., 2012; Nie et al., 2017; Zhang et al., 2016, 2017a). The daily average contribution ratio of AH to UHI intensity in Hangzhou city of Zhejiang province in China is 43.6 and 54.5% in summer and winter, respectively (Chen et al., 2009). In the PRD region, the proportion is even higher for certain cases, reaching up to 74% of total UHI intensity estimated by an averaged 2-m temperature difference from an 8-day numerical simulation (Zhang et al., 2016). Thus, it follows that AH and HS might change urban meteorology by aggravating UHI via directly enhanced upward heat flux (Ichinose et al., 1999; Narumi et al., 2009; Feng et al., 2012; Nie et al., 2017). Over two target regions in the south and north China, how are the responses of HS to temperature and humidity changes due to anthropogenic heat and its components (ASH and ALH) quantified?

Therefore, the goals of this study are as follows: (1) to determine the impacts of AH and its components on the pattern and diurnal variation feature of heat stress; (2) to evaluate the future HS evolution with an increase in the size of south and north cities of China; and (3) by separating the contributions of temperature and humidity changes to EHS change, to evaluate their relative significance on EHS occurrence. To address these goals, this study is arranged as follows: in Section “Model, Data, Experiment Design, and Methodology,” the models, data, and experiment design will be introduced. By invoking high-resolution numerical simulations and performing sensitive experiments, the influences of AH and increase in city size on HS over south and north cities will be explored in Section “Results.” Then, we will focus on EHS to determine the primary driving factor for its occurrence by weighting temperature change and humidity change more heavily. A summary will be given in the last section.



MODEL, DATA, EXPERIMENT DESIGN, AND METHODOLOGY


Model

In this study, the WRF model (V4.1.5) with an embedded single-layer urban canopy model (SLUCM) was used to conduct numerical simulations (Skamarock et al., 2019). The coupled model was able to capture the complex interaction between urban land surface characteristics and atmospheric processes. Thus, we took the urban canopy effect into full consideration, and the coupled SLUCM-WRF model system was employed during the simulation.

The main run parameters of the WRF numerical model and UCM parameters are listed in Tables 1, 2, where the parameters refer to the geometric features of Chinese cities (Zhang et al., 2017b). Five nested domains are shown in Figure 1a. The vertical grid contains 51 non-uniformed full sigma levels from the surface to 50 hPa, with 16 of these levels below 1 km. Thus, we obtained a fine vertical resolution within the planetary boundary layer (PBL). The integration started at 00UTC 23 and lasted for 6 days. The first 24 h was used as a spin-up time and was not included in subsequent analyses. The model outputs with 1 h interval from the innermost D04 and D05 domains (covering PRD and JJJ, respectively, typical of south and north city clusters) were utilized as two target regions for comparative analyses.


TABLE 1. The main parameters used in the WRF model setup.
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TABLE 2. Urban canopy parameters used in this study.
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FIGURE 1. (a) The nested simulation domains; (b) land cover for JJJ, and (c) PRD city cluster regions (red) in 2019, Beijing (BJ), Tianjin (TJ), Guangzhou (GZ), and Shenzhen (SZ) cities are marked; (d,e) the impervious surface ratio maps; (f,g), the high-, medium-, and low-density cities retrieved from impervious surface ratio for PRD (left) and JJJ (right). In panels (b,c), the black shaded regions show the terrain north of PRD and northwest of JJJ, while red, blue, and gray indicate urban, water body and other land uses. In panels (f-g), red, yellow, and blue denote high-, medium-, and low-density cities. The diurnal cycle coefficients of panels (h) ASH and (i) ALH in high-, medium-, and low-density cities. By acting on AH values in Table 3, these coefficients are used to produce gridded ASH and ALH (W m–2) values in high-, medium-, and low-density cities, characterized by diurnal variation, to be added into the model.




Data


Metrological Data

In this study, multi-metrological data support observation analysis and numerical simulation were performed. The European Center for Medium-Range Weather Forecast (ECMWF) ERA5 hourly reanalysis data, with a spatial resolution of 0.25 degrees and 37 pressure levels vertically extending from 1,000 to 1 hPa, were used to drive the WRF simulation as initial and boundary conditions. Also, from the ERA5 data, we described the general synoptic situation during a heat stress episode. The humidity and temperature profiles of the PRD and JJJ target regions were depicted from upper-air sounding observation. Surface automatic weather station (AWS) observations were performed to implement model verifications.



Land Use Data and Impervious Surface Map

We adopted the Moderate-resolution Imaging Spectroradiometer (MODIS) land use/land cover data from 2019 (Figures 1b,c). In addition, taking the heterogeneity of urban land cover into account, we further classified urban land use (Figures 1b,c) into high-/medium-/low-density types (Figures 1f,g), retrieved according to the percentage of impervious area. Herein, we took the percentage thresholds of 80 and 50% to identify high-/medium-/low- density urban areas and referred to Tewari et al. (2007) and Zhang et al. (2017b). To test inversion validity, global 30m impervious surface maps, amplified in the PRD and JJJ regions (Figures 1d,e), were also plotted. They were derived from multisource and multitemporal remote sensing datasets with the Google Earth Engine platform developed by Zhang et al. (2020). By contrast, the high-intensity urban areas, as shown in Figures 1f,g, matched well with impervious surface-dominant regions (Figures 1d,e).



Anthropogenic Heat Emission

The importance of AH in changing the near-ground energy balance as a heat source has been recognized (Oke, 1988; Grimmond, 1992; Sailor, 2011; Sailor et al., 2015; Chrysoulakis et al., 2016). AH is wasted heat in the form of sensible and latent heat due to human activities, and is released to an urban canopy (Yang et al., 2015; Yang W. et al., 2017). However, most studies have assumed that anthropogenic heat is sensible in nature without accounting for the latent heat component. Several studies have suggested that water vapor emission by cooling systems constitutes a substantial portion of latent heat flux in urban areas (Sailor et al., 2007; Miao and Chen, 2014), and this flux was shown to exceed 500 W m–2over central Tokyo in summer (Moriwaki et al., 2008).

In the current WRF-SLUCM system, both the ASH and ALH components of AH are considered. We adopted local AH releases (Table 3) over Chinese cities (Miao and Chen, 2014; Yang et al., 2015; Chew et al., 2021; Peng et al., 2021), replacing the default value modeled in WRF to improve HS simulation. The diurnal cycles of ASH and ALH (W m–2) in high-, medium- and low-density cities were added into the model by diurnal profiles coefficient (shown in Figures 1g,i) acting on the AH values shown in Table 3. Two peaks of ASH have coincided with local rush hours (8–9 and 17–18 LST), consistent with the default profile in the model and the bimodal mode of diurnal ASH profiles over the south and north Chinese cities (Wang and Wang, 2011; Wang et al., 2016). While the ALH profile was derived by combining Beijing-325 m weather tower observation analysis with land surface model (Miao and Chen, 2014), the diurnal variation of ALH flux followed the schedule of human activity and was relatively independent of season (Moriwaki et al., 2008). Both ASH and ALH were gradually strengthened on the heels of an increase in city density. Thereinto, the ASH flux in south cities exceeded the maximal value in Guangzhou (approximately 50 W⋅m–2), which has been recently estimated by Zhu et al. (2017).

TABLE 3. ASH and ALH releases in high-/medium-/low-density urban areas used in this study. The diurnal cycles of ASH and ALH (W m–2) profiles in high-, medium- and low-density cities refer to Figures 1g,i.
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Experiment Design

We conducted numerical experiments in two groups (Table 4) to quantify how heat stress responds to AH release and increases in city size. By evaluating the contributions of temperature and humidity changes to HS change, the attribution to HS change was further dissected.


TABLE 4. Experiment design and description in section “Experiment Design.”

[image: Table 4]In the first group, we conducted four sets of experiments, which were named as Real, no ASH, no ALH, and no AH. All runs took the high-/medium-/low-density urban types of the current land cover into account. Meanwhile, reasonable AH ejections (including both ASH and ALH releases) were coupled into WRF by the SLUCM for the Real run. Then ASH run, ALH run, or both (i.e., total AH) were set to zero in turn to perform other simulations. By contrasting each run with Real run, we quantified the response of HS to each contributor. Additionally, the occurrence probabilities of EHSs in various-type urban regions were explored under different AH release scenarios.

We conducted the second group experiment to focus on how a gradual increase in city size influences heat stress intensity by utilizing the Real atmosphere idealized land-surface (RAIL) method (Schmid and Niyogi, 2013). We also probe into that, the varied HS with urban expansion is mainly determined by which driving factor, temperature change or humidity change. For the two target regions, Guangzhou (GZ) and Shenzhen (SZ) in the PRD region and Beijing (BJ) and Tianjin (TJ) in the JJJ region were selected to represent inland and coastal cities in south and north China (Figures 1b,c). In the Ideal run, urban land uses are replaced by the homogeneous crop land surface (i.e., the nearby rural land cover type), to remove the influence of urban land cover. Then, cities of 30, 40, 50, 60, 70, and 80 km radii (centered by green dots in Figures 1b,c) are designed to represent the process of urban expansions in the present and future. Refer to Schmid and Niyogi (2013) in which cities of different radii with the simplified, homogeneous land surface are designed to represent current and future city scenarios. The experiment results were used to perform comparative HS studies among inland and coastal cities in the south and north China.



Methods to Evaluate Temperature–Humidity Dependence for Heat Stress


Moist Enthalpy and Moist Entropy

Due to the high-temperature and high-humidity features of heat stress weather, two moisture-thermal energy metrics (Lutsko, 2021), moist enthalpy (H = CpT + Lqv) and moist entropy (S = Cpln⁡θe) were introduced to differentiate the different characteristics during a heat stress episode in the PRD and JJJ city clusters. They included both temperature and humidity factors. And we are easily to separate temperature change from humidity change based on moist entropy or moist enthalpy formula, to evaluate their respective contributions to heat stress variation.

Moist entropy and moist enthalpy are classic thermodynamic variables in meteorology. Despite not being frequently used for heat stress compared to other several commonly used metrics, their application potentials as HS metrics and clear advantages in dynamics attract us to use them as indicators to discuss HS in this study. Note that in this study we did not attempt to determine the best way to measure heat stress. Rather, we examined whether moist enthalpy and entropy could be evaluative metrics to demonstrate an HS episode besides the three other widely used HS metrics. (1) By contrast between them and other commonly used HS indicators, we will evaluate the validities of moist entropy and moist enthalpy as metrics to characterize HS evolution to further prove their application potentials for HS weather. (2) They are classic thermodynamic and dynamic variables in meteorology. Taking moist entropy as an example, it has conservation property for a moistly adiabatic and frictionless atmosphere. Thus, it could be used as a mass surface or a tracer to demonstrate the convergence and dispersion of high-temperature and high-humidity atmosphere, so as to illustrate the genesis and diffusion of HS weather. In this regard, it is convenient to extend dynamically to further give mechanism responsible for HS weather and as a predicative factor in our follow-up study. (3) It is easy to separate the contributions of humidity change from temperature change by taking the differential operator on the moist entropy formula. Thus, by calculating and comparing the magnitudes of temperature and humidity changes, which one is the primary driver of the moist entropy fractional change will be judged. The entire separation and comparison do not depend on some subjective and empirical parameters, such as clothing index, exposure index, medical discomfort index, etc. This is easy to implement based on observations and numerical model. In terms of these, in this study, we mainly used moist enthalpy and especially moist entropy as indicators to discuss heat stress:

Where T and qv are absolute temperatures and specific humidity, Cp is the specific heat of dry air at constant pressure p. L is latent heat of vaporization and [image: image] is equivalent potential temperature (Holton and Hakim, 2013). Herein, TL is the temperature at the lifting condensation level.



Methods to Separate Temperature–Humidity Contribution to Heat Stress

By taking the differential operator on the θe formula, we have [image: image] [Eq. (1)], wherein the relation [image: image] is used after analyzing the order of magnitude (Yang S. et al., 2014). In the near-surface level, surface pressure change is small, therefore fractional change in potential temperature (Δθ) is roughly equal to fractional change in temperature (L/CpΔqv) in Eq. (1). Thus, by calculating and comparing the magnitudes of Δθ and L/CpΔqv, which one (temperature or humidity change) is the primary driver of the θe fractional change will be judged.



Other Metrics to Evaluate Heat Stress Weather

Furthermore, additional several commonly used heat stress metrics (Steadman, 1994; Willett and Sherwood, 2012; Buzan et al., 2015), such as Humidex to compute the “feels-like” temperature for humans ([image: image]), apparent temperature (AT, where AT = Tc + 0.33e−0.7u10m−4), simplified SWBGT, where (SWBGT = 0.56Tc + 0.393e + 3.94), were adopted to strengthen the validity of moist enthalpy and moist entropy as metrics to characterize heat stress events, where Tc and e are air temperature and vapor pressure in units of degrees Celsius and hPa, u10m is the 10-m speed wind, and e is calculated by relative humidity and saturated vapor pressure.



RESULTS


Model Validation

Figures 2A–H compare the simulated (red) 2-m air temperature (Figures 2A–D) and relative humidity (Figures 2E–H) with observations (blue) derived from multi-stations over the region of the four cities. All these observations are from the national surface AWSs system network, with station locations shown in Figure 3.


[image: image]

FIGURE 2. (A–H) Observed (red) and simulated (blue) 2-m air temperature (°C) and relative humidity (%). The green frames show the heat stress episodes in south and north cities. Sounding plots in panels (I) Qingyuan (QY) and (J) Beijing (BJ) stations, denote observations in south and north, with black and blue curves representing temperature and dew point, respectively.



[image: image]

FIGURE 3. (A–D) The spatial charts of observed (shaded circles) and simulated (shaded) 2-m air temperature (°C) at 05 UTC and relative humidity (%) at 21 UTC 27. All these observations are from the national surface AWS system network, with station locations shown by circles. Where the shaded circles have sizes proportional to temperature and humidity (cf. the color scales below A-D).


According to the criterion of heat stress weather issued by China Meteorological Administration, a 4-day episode in PRD (01 LST 25-00 LST 29, i.e., 17 UTC 24-16 UTC 28) and a 2-day episode (01 LST 27-00 LST 29, i.e., 17 UTC 26-16 UTC 28) in JJJ are selected (framed by green boxes in Figures 2A–H) as examples to perform a comparative study for typical summer urban heat stress between the south and north cities of China. They generally satisfy the HS criterion that daily maximum temperature is more than 32°C. Meanwhile, the mean daily relative humidity (RH) is not less than 60%, and the weather process lasts at least 2 days.

The model performs well in reproducing the diurnal cycles (Figure 2) and spatial distributions (Figure 3) of near-surface air temperature and humidity during heat stress episodes (within green boxes), two key factors to evaluate heat stress intensity. It is remarkable that the simulated and observed diurnal peaks of temperature and humidity show a good agreement, despite slightly lower humidity simulations (Figures 2E-H). By comparing the observations between south and north cities (Figures 2, 3), higher humidity (e.g., nearly 100% in GZ) and relatively lower temperature (∼about 2–4°C difference) present in south (e.g., temperatures of GZ and SZ exceed 36 and 34°C, while maximal temperatures of BJ and TJ reach up to 38 and 37°C, respectively). From simulations, the comparative results among south and north cities are also reasonable, which have similar tendency with observations.

The root-mean-square error for all stations over the GZ, SZ, BJ, and TJ city regions are shown in Table 5. Overall, the simulation is improved by adding AH release (cf. Real and no AH runs in Table 5) and is comparable with previous studies (Meir et al., 2013; Ramamurthy and Bou-Zeid, 2017), which is directly attributable to the upward AH flux into UCM model. A certain degree of improvement presents, as ASH or ALH is considered alone (by comparing no AH with no ASH or no ALH run), but the improvement is most pronounced when both factors are considered.


TABLE 5. Root-mean-square errors of simulated air temperature (oC) for all stations over various city regions.

[image: Table 5]The general synoptic situation during the heat stress episode is briefly described. In the near-surface level, weak southerly (with region-mean intensity of wind speed less than 2 ms–1) prevails in PRD, bringing moisture from the ocean to the target region (not shown). In the JJJ region, southerly dominates Beijing, leading to positive temperature advection from south China; while easterly presents in coastal Tianjin, convenient to moisture transport from eastern ocean to JJJ. We also address the synoptic chart extending upward into the troposphere. A deep-layer high-pressure system caused by the in-phase superposition of middle-level subtropical high and low-level ridges, sinking motion, and weak southerly or easterly near surface, coacton HS weather. From the observed sounding plots (Figures 2I,J), stable stratification (black curve, denoted by temperature) inhibits vertical mixing under the boundary layer, which plays a key role in the formation of HS. High dew point (blue curve) indicates high humidity, especially in the south (Figure 2I), and a high-humidity pattern stretches up toward the whole troposphere, manifesting as approached temperature and dew point profiles. In the north (Figure 2J), large humidity presents in a low level. It decreases swiftly above 800 hPa, characterized by abruptly depressed dew point. All these provide favorable environments to HS weather.



Heat Stress Metrics

Several metrics are utilized to demonstrate the heat stress evolution, as shown in Figure 4. First, three commonly used heat stress metrics (Steadman, 1994; Willett and Sherwood, 2012; Buzan et al., 2015), AT, Humidex, and SWBGT (blue, green, and black curves in Figure 4), could effectively define the heat stress periods in the south and north cities (see the green boxes as shown in Figure 2) and reflect the HS characteristics of high temperature and high humidity. Second, moist enthalpy and moist entropy (H and S, purple and red curves in Figure 4), recently utilized by Lutsko (2021), are evaluative metrics to heat stress, since their evolution follow similar tendencies with other three metrics, except that they have larger value (∼370 K of moist entropy) in magnitude relative to AT, Humidex, and SWBGT (∼50°C below). In addition, consistent with SWBGM and AT, moist entropy and moist enthalpy over BJ and TJ in north China (Figures 4B,D) show more obvious diurnal variations compared with HS over GZ and SZ in south China (Figures 4A,C). Note that albeit there are strong HS signals in BJ for the 3rd day (01 LST 26-00 LST 27, i.e., 17UTC 25-16UTC 26), which is derived from little higher simulations for T2 and RH (Figures 2B,F). Since the observed daily mean humidity does not reach the HS criterion, we mainly concern the latter 2 days as HS episode in northern cities. The peak of HS present in the afternoon and early midnight (about 370 K for moist entropy, at about 06-12UTC) in north, while it takes on generally hot and moist in the south. For instance, the curves of moist entropy in GZ and SZ (Figures 4A,C) have less fluctuation than those in north cities (Figures 4B,D), maintaining a mean value above 360 K, which accords with our common sense and physical feelings.


[image: image]

FIGURE 4. (A–D) Curves of five metrics to evaluate heat stress intensity evolution over GZ, SZ, BJ, and TJ city regions based on multi-station observations. Five metrics are apparent temperature (blue), Humidex (green), and simplified wet bulb globe temperature (black) (°C), moist enthalpy (H, purple) (K J/kg), and moist entropy (S, red) (K), respectively, where H and S minus 300 K in magnitude, to be comparable with other metrics.


Note that we do not attempt to determine the best way to measure heat stress here. Rather, we examine whether moist enthalpy and entropy could be evaluative metrics to demonstrate an HS episode, besides the other three widely used HS metrics. By contrast among metrics, we strengthen the validities of moist entropy and moist enthalpy as metrics to characterize HS evolution. The heat stress illustrates more extreme intensity and diurnal cycle in the north than in the south, for inland than for coastal cities. Of more importance is that it is easy to separate the key factors from each other (temperature and humidity herein) to drive heat stress change based on the moist entropy or moist enthalpy formula themselves. Therefore, we mainly utilize moist entropy or moist enthalpy as metrics to investigate the response of heat stress to AH and increase in city size, and to explain the attribution to HS change by separating the contributions of temperature and humidity changes in the subsequent analyses.



Impact of AH on HS


Pattern

Figure 5 shows the spatial distributions of moist entropy and moist enthalpy changes (ΔH and ΔS) due to AH and its components, and their pattern correlations with temperature and humidity changes (ΔT and ΔQ) for the group 1 experiment (Table 4). Variable R at the top of each panel denotes the correlation coefficient between its two subscript variables. By taking the difference between Real run and the other three runs, we quantify the sole influence of ASH (Real-no ASH), ALH (Real-no ALH), and AH (Real-no AH) in the south (Figures 5A–D) and north (Figures 5E–H), where gridding by slash line represents the urban region.
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FIGURE 5. The spatial distribution of moist enthalpy and moist entropy changes (ΔH and ΔS) and their pattern correlations with temperature and humidity change (ΔT and ΔQ) for group 1 experiment (Table 2), taking account of the impact of AH and its components, and R at the top of each panel denotes the correlation coefficient between its two subscript variables. By taking the difference between Real run and the other three runs, we quantify the sole influence of ASH (Real–no ASH), ALH (Real–no ALH), and AH (Real–no AH) in south (A–D) and north (E–H), where gridding by slash line represents urban region.


From Figures 5a1–d1, the ASH effect leads to UHI (Figure 5a1) and UDI (Figure 5b1). However, their combination produces intensified urban heat stress (Figures 5c1,d1). In contrast to ASH, ALH (Figures 5a2–d2) has cooling (Figure 5a2) and humidifying (Figure 5b2) roles over the urban regions, which even produces more intense HS (Figures 5c2,d2) relative to the ASH effect (Figures 5c1,d1). Considering both components of AH (Figures 5a3–d3), AH makes the air over the urban region become hot (Figure 5a3) and moist (Figure 5b3) after neutralizing the contrary contributions of ASH (Figures 5a1,a2) and ALH (Figures 5b1,b2) effects on ΔT and ΔQ, which largely exacerbates heat stress (Figures 5c3,d3). This kind of aggravation of HS is particularly evident over the urban region (Figures 5c3,d3). The strong signals of positive ΔH and ΔS nearly outline the urban region. Comparing ASH (Figures 5c1,d1), ALH (Figures 5c2,d2), and AH effects (Figures 5c3,d3), the ALH accounts for larger proportion of total AH to strengthening HS.

In north cities (Figures 5E–H), the case is similar to that in south cities (Figures 5A–D), except for enhanced HS induced by stronger ASH effect (cf. Figures 5c1,d1,g1,h1), which produces stronger UHI in north than in south (cf. Figures 5a3,e3). In short, compared with the ASH component (Figures 5c1,d1,g1,h1) among total AH (Figures 5c3,d3,g3,h3), ALH (Figures 5c2,d2,g2,h2) has more significant impact on HS change. However, the contribution of ASH to HS change increases in north (Figures 5g1,h1), relative to that in south cities (Figures 5c1,d1).

As for spatial distribution, moist entropy and moist enthalpy present similar patterns of HS growth due to the AH effect over the urban regions (cf. Figures 5c3,d3,g3,h3). Both temperature and humidity changes have better pattern correlation with HS change in the north. For example, the correlation coefficients RΔTΔS (/RΔQΔS) between ΔT(/ΔQ) and moist entropy change (ΔS) reaches up to 0.944(/0.977) for the AH effect experiment (Figures 5e3,f3), indicative of strong dependence of HS change on both temperature and humidity change in the north. While in the south, the spatial pattern of HS change due to AH release is determined mostly by the coverage of UHI (RΔTΔS = 0.820), relative to humidity change distribution (RΔQΔS = 0.752).



Diurnal Variation Features

In consideration of clear diurnal cycles of ASH and ALH profiles (Figures 1h,i), diurnal variation features of how heat stress intensity responds to AH and its components are also demonstrated (Figures 6A–I), indicated by both heat stress metrics (Figures 6G–I) and temperature–humidity meteorological variables (Figures 6A–F). From Figure 5, the spatial patterns of ΔH and ΔS give strong signals in GZ and BJ (Figures 5c3,d3,g3,h3), indicative of a remarkable HS response to the AH effect. Thus, as typical cities in the south and north, GZ and BJ are chosen to illustrate the diurnal variation features of HS response to AH release.
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FIGURE 6. (A-I) The diurnal variations of temperature (K), humidity (g/kg), moist entropy (K) in high-/medium-/low-density urban areas (dark red/light red/blue) due to ASH, ALH, AH release. The curves denote the difference fields between Real run and other experiments (refer to Group 1 experiment in Table 4). Left and right panels are GZ and BJ, respectively.


Impacts of AH on meteorological variables are investigated first. Near-surface air temperature and humidity changes are plotted, as shown in Figures 6A–F, to explain the attributions to HS change (Figures 6G–I). Consistent with previous studies (e.g., Nie et al., 2017; Li et al., 2018), ASH heats the atmosphere by 0.2–1.2°C (Figures 6A1,A2), more pronounced in BJ than in GZ, with two peaks matching the ASH profile, as shown in Figure 1h, while ALH slightly cools T over the urban regions during daytime (Figures 6B1,B2), associated with human activities. Irrigated parks, greenbelt, highway sprinkling operation generate cooling but comparatively little (0.2°C). After partly offsetting between ASH and the ALH effect, ASH among total AH contributes most of urban heating. Consequently, UHI is determined mainly by ASH rather than ALH. Its peak reaches 0.6°C in south and 1.1°C in north cities (Figures 6C1,C2), with increased heating as the density of urbanization increases (e.g., mean ΔT>0.5°C between high- and low-density cities in BJ).

As for humidity change due to AH and its components (Figures 6D-F), UDI from ASH through decreased ΔQv (Figures 6D1,D2) is partly neutralized by the humidifying effect from ALH (Figures 6E1,E2). The ASH dries air, responsible for ΔQv < 0, as shown in Figures 6D1,D2; while the ALH moistens air, directly leading to ΔQv > 0, as shown in Figures 6E1,E2, which is consistent with the spatial pattern, as shown in Figures 5b1,b2,f1,f2. The changes in ΔQv as shown in Figures 6F1,F2, can be explained via a combination of ASH and ALH effects on humidity change. In brief, the ΔQv > 0 tendency maintains for the diurnal cycle in GZ, and the curve has two peaks (Figure 6F1). One happens during nighttime because of decreased evaporation loss, and then humidity decreases with sunrise. The other presents in the afternoon because of ALH from irrigation and watering park, etc. However, the ΔQv > 0 trend is broken down in the afternoon in BJ (Figure 6F2), even if the ALH peak synchronously presents in the afternoon (Figure 1i). Under higher-temperature conditions in the north, dramatic evaporation dries down the near-surface moisture, responsible for the afternoon humidity deficit (Figure 6F2).

The impact of AH on heat stress metrics are analyzed and shown in Figures 6G–I. Since the impact of three AH releases’ strategies on the pattern (cf. Figures 4C,D, or cf. Figures 4G,H) and diurnal cycle of moist enthalpy (not shown) resemble those of moist entropy (Figures 6G–I), we examine moist entropy as an example (Figures 6G–I).

The AH effect has a substantial impact on the heat stress index. Both ASH and ALH (Figures 6G,H) could aggravate the HS (Figure 6I), with a maximal increment of moist entropy about 1 K at 06/20 LST in GZ and 09/21 LST in BJ. Furthermore, the magnitude of the HS index increases with the density of urbanization. In contrast of south and north HS, there is a larger diurnal variation in BJ (Figure 6I2), even decreased HS between 12 and 16LST. It means that sprinkling water on the road under high-temperature conditions (Figure 6C2) might alleviate HS in north cities. The additional irrigation increases the amount of moisture in the air. A large amount of evaporation takes away excessive heat, reducing near-surface temperature and therefore alleviating HS. In contrast, it does not work to sprinkle water on roads or gardens in southern cities, from the positive contributions of both ASH and ALH (Figures 6G1,H1) to HS aggravation (Figure 6I1).



Impact of City Size on HS


Pattern

Figure 7 shows the spatial distributions of HS changes (ΔH and ΔS) due to an increase in city size and their pattern correlations (R) with temperature and humidity changes (ΔT and ΔQ) for the group 2 experiment in Table 4. By taking the difference between Ideal run and the other six simulations with varied city radii from 30 to 80 km, we evaluate HS scenarios in present and future in south (Figures 7A–D) and north (Figures 7E–H), wherein slash line regions indicate urban coverage.
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FIGURE 7. (A-H) The same as Figure 5 but for group 2 experiment in Table 4 by taking account of the impact of increasing city size from R = 30 to 80 km.


From Figures 7A–D, UHI and UDI are remarkable over the urban regions. ΔT and ΔQ are almost in opposite-phase distributions. The coverage of UHI and UDI presents a dramatic extension with the expansion of the city, as shown in Figures 7a1–a6, b1–b6. After neutralizing the contrary contributions of UHI (Figures 7a1–a6) and UDI (Figures 7b1–b6) effects, we depict the HS evolution with urban sprawl (Figures 7c1–c6,d1–d6). It can be seen that the extension of HS coverage is also pronounced as an urban area grows. Strong HS covers an urban region well, except to the northeast of the PRD region, because of downwind heat accumulation by thermal advection originating from upstream urban. However, the enhancement of HS intensity is not as significant as that of UHI because of anti-phase synchronous growths of positive/negative contribution of UHI/UDI to HS. In contrast, the case in north cities (Figures 7E–H) is similar to that in the south (Figures 7A–D), except for intensified HS induced by stronger UHI (cf. Figures 7A,E) and weaker UDI (cf. Figures 7B,F) in the north.

Also, from the spatial distribution, temperature change has a large pattern correlation coefficient with HS change, about 0.9 for ΔT and ΔS in the north (Figure 7E) and >0.6 in the south (Figure 7A). However, the correlation coefficients between humidity change and moist entropy change RΔQΔS is small (<0.3) (Figures 7B,F). It indicates strong dependence of the HS pattern on temperature change due to urban expansion. If we build megacities, the temperature change will be the primary control on the spatial pattern of HS.



Intensity Change

The histograms in Figure 8 show intensity changes in UHI (yellow histogram), UDI (blue histogram), and UHS (grown curve) under R1–R6 city size scenarios in BJ, TJ, GZ, and SZ. Thereinto, we take the daily maximum of urban region averaged temperature rise and moisture depict relative to Ideal run without the city as UHI and UDI, and the maximal equivalent potential temperature change is adopted to estimate the UHS change.
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FIGURE 8. (A-D) Daily maximum of region-averaged urban heat island effect (Δθ, K, yellow histogram), urban dry island effect (moisture depict in K, L/CpΔqv, blue histogram), and urban heat stress change (Δθe, K, grown curve) under R1–R6 (R = 30–80 km) city size scenarios in BJ, TJ, GZ, and SZ city regions. The fractional changes (Δθ, L/CpΔqv, Δθe) are taken as difference between the R1–R6 experiment and Ideal run without city (refer to Group 2 experiment in Table 4).


We use the temperature-humidity separation method introduced in section “Methods to Separate Temperature–Humidity Contribution to Heat Stress” to assess the relative significance of temperature and humidity changes (UHI and UDI effects) on UHS change, by weighting Δθ and L/CpΔqv more heavily (Figures 8A–D). Note that the coefficient L/Cp is added into the moisture change factor, so as to produce comparable order of magnitude and equivalent unit to temperature change.

The heat stress change in south and north cities becomes complex via the combined effects of temperature and humidity changes due to urban sprawl. The UHS maintains less variation in the south in the progress of urban expansion, because of nearly simultaneous growth of the out-of-phase contributions due to UHI and UDI effects (Figures 8A,B). However, UHS experiences slow enhancements with the increase in city sizes in north cities (Figures 8C,D), mostly driven by the UHI effect. Thus, temperature change dominates the HS change due to urban expansion in north, but both temperature and humidity changes contribute equivalently to HS in the south. As expected, the contrast of environmental conditions between south and north China supports the above conclusion. It is generally wet and hot in the south, which produces large contributions of both temperature and humidity to the HS weather: while in the north, it is hotter but not as wet as in the south (Figure 2), so the temperature change dominates intensity evolution of HS. In contrast, stronger UHS change on account of increased urban area happens in the north, with a larger peak (∼6 K) relative to that in the south (∼2 K), and stronger HS presents over inland BJ/GZ than in coastal TJ/SZ. Also, note that the intensified HS over TJ (Figure 8D) and a little weakened HS over SZ (Figure 8B) due to growing city radius are associated with the urban sprawl toward inland and coastal areas. Therefore, it is more prone to severe UHS risk if we build megacities in the north in the future.



Extreme Heat Stress


Threshold of Extreme Heat Stress

To explore the EHS events, we try to derive a local threshold based on the statistical distribution mode of extreme heat stress metric, equivalent potential temperature herein. Referring to the CFAD (contoured frequency by altitude diagram) method widely applied to convective burst definition (Yuter and Houze Jr., 1995; Rogers, 2010; Heng et al., 2020), we examine the distribution pattern of equivalent potential temperature by using contoured frequency by latitude diagram (CFLD) (Figure 9).
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FIGURE 9. The contoured frequency by latitude diagram distribution of equivalent potential temperature (K) (A) in south and (B) in north.


It shows the CFLDs of the simulated equivalent potential temperature binned every 1 K at various latitudes within the PRD (Figure 9A) and JJJ (Figure 9B) regions based on Real run, where blank area represents sea or other non-urban land covers. By comparative analyses of the south and north cities (Figures 9A,B), the frequency distribution of equivalent potential temperature is relatively spatially homogeneous in the whole PRD region (21.9–23.7°N). All θe values concentrate within 343–363 K irrespective of varied latitude (Figure 9A), with peak θe (98th percentile, refer to Lutsko, 2021) of 362 K, while the frequency distribution of θe experiences dramatic amplification and is characterized by a broader mode (varied between 335 and 365 K) in JJJ, with peak θe (still 98th percentile) growing mainly from 359 to 362 K with latitude (Figure 9B). To be convenient to perform comparisons among various cities, we need to develop a common, unified standard to feature an EHS episode based on the statistical distribution of equivalent potential temperature in our target regions. It seems that 362 K is suitable to the extreme heat stress definition derived from θe statistics. Therefore, this criterion is attempted to analyze the EHS episode in the following section.



Temperature–Humidity Dependence

Figures 10, 11 are the scatter plots of Δθ (abscissa) and L/CpΔqv (ordinate) associated with EHS, which is used to study the relative importance of fractional changes in temperature and humidity on EHS occurrence under various AH release (Figure 10) and city size scenarios (Figure 11). By weighting Δθ and L/CpΔqv more heavily, we estimate which factor is the primary driver of EHS occurrence. Also shown is the θe value in high-/medium-/low-density urban regions (color triangle, star, dot in Figure 10) and cities with increasing size (color dot in Figure 11). It provides another way to estimate the sensitivity of EHS dependence on temperature–humidity change due to AH and increased city size by comparing whether the relative spread degree of EHS points is towards the abscissa or ordinate variables. The R value inset in each panel represents the hit ratio of EHS among total grids over the urban regions, with subscripts L, M, and H denoting low-/medium-/high-density city types.
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FIGURE 10. (A,B) Scatter plots of changes in humidity (L/CpΔqv, K) versus changes in temperature (Δθ, K) associated with extreme heat stress (98th percentile θe) events for the ASH, ALH, and AH runs. The triangle, star, and dot represent high-/medium-/low- density urban areas, colored by their associated θe value. Left and right panels denote south and north urban regions, respectively.
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FIGURE 11. (A,B) The same as Figure 10 but for different city size (R1–R6) runs.


From Figure 10, the spread in humidity changes is larger than the spread in temperature changes in southern cities, irrespective of ALH, ASH, or AH run (Figures 10A1–A3), which signifies humidity change is the primary driving factor of EHS events in the south. In the north, the spread in humidity changes is larger/less than the spread in temperature changes in ALH/ASH run (Figures 10B1,B2), which implies humidity/temperature change is the primary driving factor of EHS events under an ALH/ASH release scenario. For AH simulation (Figure 10B3), the spread degrees in both factors are comparable, which means the occurrence of EHS is sensitive to both temperature and humidity increase over the north cities. In contrast, the hit ratios of EHS in high-/medium-/low-density urban are different. For the present urban land cover, considering various urban types and AH emission, above 50% (/a quarter of) south (/north) urban region is hit by EHS (Figures 10A3,B3), and EHS tends to occur in high-density urban regions in south, followed by medium-density urban regions (e.g., for AH run, as shown in Figure 10A3, RH = 62.88%, RM = 57.88%, and RL = 41.98%, indicating that 62.88% of the high-density urban regions is hit by EHS). However, EHS is more easily to happen in medium-density urban regions in all of the simulation experiments for north cities (e.g., for ASH, ALH, and AH runs, RM = 24.51, 39.42, and 30.94%, respectively).

As a city will expand dramatically in the future (Figure 11, and for group 2 experiment in Table 4), about one-third of the urban regions might be hit by EHS, with a wider scope of influence in the south than in the north (R = 28.13–40.48% in the south from Figures 11A1–A6, R = 24.80–37.87% in the north from Figures 11B1–B6). In addition, a larger extremum (with θe > 376 K) happens in northern cities, relative to that in the south (θe∼ 366 K). Furthermore, changes in the very warmest θe events are associated with large Δqv responses in north cities (Figures 11B1–B6). In the south (Figures 11A1–A6), EHS is sensitive to both temperature and humidity changes for smaller cities (Figures 11A1,A2), but the shift is to be determined by larger Δqv in the larger cities of the future (Figures 11A3–A6). For the EHS events in megacities in the south (Figures 11A3–A6), the specific humidity response is again the leading factor driving EHS occurrence in response to city size change. Therefore, constraining the probability of occurrence and regional distribution of EHS events largely comes down to constraining the humidity change associated with these events, particularly in a megalopolis or a city cluster in the future.



CONCLUSION AND DISCUSSION

The impacts of anthropogenic heat emission and increase in city size on urban heat stress and extreme heat stress are investigated based on numerical simulation by utilizing the coupled SLUCM-WRF model system. As effective HS metrics, moist enthalpy and moist entropy are used to evaluate the HS response to AH and urban expansion and explain the attribution to HS change by separating the contributions of temperature change from humidity change. Several main conclusions are summarized as follows.

Anthropogenic heat release could aggravate UHS drastically. It produces a maximal increment of moist entropy (an effective HS metric), above 1 and 2 K over south and north high-density urban regions, mainly through ALH. HS change shows a more prominent diurnal variation in the north than in the south, in high-density than in low-density urban regions. Despite the diurnal cycle of temperature/humidity rise due to ASH/ALH generally matching the ASH/ALH profile, HS change does not strictly obey the diurnal variation rule of any one single factor. It depends on the combined effect of both, indicative of the complexity of HS research. Note that there are slightly decreased HS between 12 and 16LST in the north in AH run, mainly by the ALH effect. It means that sprinkling water on roads under high-temperature conditions might alleviate HS in north cities. In contrast, it does not work to sprinkle water on roads or gardens in south cities, because of the positive contributions of both ASH and ALH to HS aggravation.

Urban expansion leads to an increase in HS coverage, and it has a larger impact on UHS intensity change (6 and 2 K in south and north) relative to AH. The city radius of 60 km is a possible threshold to plan to city sprawl. Above that city size, the HS intensity change due to urban expansion tends to slow down in the north and inhibit in the south (Figure 8), and about one-third of the urban regions might be hit by extreme heat stress (EHS), reaching maximal hit ratio (Figure 11). Stronger intensities of HS present over inland than in coastal cities. Therefore, it is more prone to severe UHS risk if we build megacities in the north in the future.

Furthermore, changes in warmest EHS events are more associated with high humidity change responses, irrespective of cities being in north or south of China, which supports the idea that humidity change is the primary driving factor of EHS occurrence. Therefore, constraining the occurrence probability and regional distribution of EHS events largely comes down to constraining the humidity change associated with these events, particularly in a megalopolis or a city cluster in the future.

In comparison to previous studies, Ramamurthy and Bou-Zeid (2017) performed a comparative analysis of heat waves over multiple cities. They found that UHI intensity is proportional to the physical size of the city. Based on this study, we quantify how the increase in city size impacts a heat stress episode and derive the threshold mentioned above in which this kind of influence will be slowed down. Yang et al. (2019) pointed out that urbanization increases thermal discomfort hours by 27% during summer over the urban areas of the Yangtze River Delta in East China, and that the contribution of AH to the increase in total discomfort hours is almost equal to that due to urban land use change. Our results reveal a stronger response of HS to urban expansion relative to AH in south and north cities in China. Furthermore, we demonstrate the influence path of AH on HS, mainly via its latent component but not the traditional anthropogenic sensible component. Certainly, updated numerical model setup, local UCM parameter, and densely gridded ASH and ALH data are expected to further simulate HS, and more thermodynamic and dynamic aspects based on conserved moist entropy are needed in the next study to reveal the mechanism responsible for the genesis and dispersion of HS.
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Where the parameters refer to the geometric features of Chinese cities (Zhang et al., 2017b), with ZR (m) representing building height in high-/medium-/low-density urban
areas; CAPR/CAPB/CAPG (108Jm~3K =), heat capacity of roof/building wall/ ground (road); ALB (%), surface albedo; AKSR/AKSB/AKSG (J -m~1 .s=1 .K~1), thermal
conductivity of roof/building wall/ ground (road); and EPSB/EPSG, surface emissivity of building wall/ ground (road).
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Experiment groups

Group 1: AH experiment

Group 2: City size experiment

Experiment names

Real

No ASH
No ALH
No AH
Ideal

Ideal_R30, Ideal_R40,
Ideal_R50, Ideal_R60,
Ideal_R70, Ideal_R80

Descriptions

Real land cover with high-, medium-, low- density urban types is used, and
UCM model is coupled. Both ASH and ALH releases are considered.

The same as Real, except that ASH release is set to zero.
The same as Real, except no ALH.
The same as Real, except that neither ASH nor ALH is considered.

Urban land use is replaced by homogeneous crop land surface to remove the
influence of urban land cover.

Cities of 30, 40, 50, 60, 70 and 80 km radii, centered at BJ, TJ, GZ, and SZ
(green dots in Figures 1b,c) are designed to represent the process of urban
expansions in the present and future.
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